Molecular Dynamics simulations of dense nitrogen show that non-spherical molecules have a weak tendency to align their molecular axis such that it lies parallel to the plane of a shock wave front. As a consequence, there is also an even weaker tendency for the molecular rotation axis to align perpendicular to the shock front.
I. Introduction
When considering a flow at the microscopic level, three characteristic length scales can be defined: the external length scale L, the mean spacing between the fluid molecules δ and the diameter of each molecule σ. For hard-sphere molecules, the commonly used mean-free path λ can be related to δ and σ.
An atomistic approach is necessary when δ/L 1, i.e., when Kn = λ/L 1.
The shock structure problem is a classical problem where this is the case. The thickness Λ of strong shocks is a few mean-free paths such that the Knudsen number is ∼ 0. The dilute gas limit, δ ≫ σ, corresponds to the assumption of point (and hard-sphere) molecules. The shape of individual molecules then bears no significance for the behavior of the fluid (assuming that the collision cross-section is the same). This is not the case for dense fluids (σ/δ 1), where molecular interactions are not restricted to short collision events. Yet, most contemporary studies (e.g. Refs. 2-4) involving diatomic fluids, for example, employ spherical interaction potentials thereby neglecting possible effects due to deviations from this assumption. Here we show that under extreme conditions but without phase boundaries, the non-spherical molecular shape leads to a peculiar phenomenon.
Consider models for the nitrogen molecule: Spherically symmetric models do account for the non-zero moment of inertia, but only a single spherically symmetric interaction potential, of the Lennard-Jones type say, located at the center-ofmass is used (see e.g. Refs. 2, 5) . Different approaches have been used to model anisotropic potentials. Murthy et al., 6 for example, use two Lennard-Jones potentials plus five sites with electrostatic forces associated with them (two of them coincide with the Lennard-Jones sites). This means that a total of five distinct force sites have to be considered in the computations. Vrabec et al. 7 replace the charge sites by a point-quadrupole potential. More complex potentials can also be used to study molecular vibrations and dissociation. 8, 9 The parameters for all models are chosen such as to best reproduce experimental data or come from ab initio calculations. [10] [11] [12] Large-scale Molecular Dynamics simulations of a shock wave in nitrogen have been performed. A simple a two-center Lennard-Jones potential, i.e., not accounting for Coulombic interactions, was employed. This likely results in quantitative discrepancies from the behavior of real nitrogen, but the qualitative behavior is captured and this case can more easily be accommodated by other numerical techniques and theoretical approaches. Previously, Koura 13 and Tokumasu & Matsumoto 14 have used MD to develop a binary collision model, which is subsequently used in a DSMC simulation of shock waves in nitrogen.
The numerical setup is described subsequently. Secs. III & IV present and discuss the evidence of the alignment tendency. Sec. V speculates about the underlying mechanism and Sec. VI derives the relevant dimensionless parameter.
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II. Setup
A. Modeling
The molecular dynamics code used is a modified version of Moldy. 15 The modifications are to allow moving walls ("frameworks") and non-cubic domains.
The computational domain is a cuboid with dimensions L x × L y × L z = 252 × 237.9 × 237.9 Å 3 . A layer of 15.86 Å thickness on either side of the domain (in x-direction) is occupied by a piston and by a stationary wall. Both are modeled by a cubic-face-centered lattice of argon atoms. The details of the wall treatment are not relevant for the purpose of this work, since only time steps are analyzed in which the shock wave is at least 50 Å from either wall. During this period, the shock moves at constant speed.
100, 000 nitrogen molecules are randomly distributed in the volume between the walls and given random velocities and rotation rates drawn from a MaxwellBoltzmann distribution. The rigid nitrogen molecule is modeled by a two-center
Lennard-Jones (6, 12) potential with σ LJ = 3.318 Å, ǫ LJ /k B = 35.6 K, and a bond length of 1.098 Å between the two Lennard-Jones centers. These parameters correspond to those given by Murthy et al., 6 but the five point-charges are omitted.
Vibrations can be neglected in the temperature range considered and the rotational energy levels can be approximated as being continuous. A cut-off radius for the summation of the short-range forces of 15.6 Å has been used.
The system is equilibrated during 2 ps (10, 000 time steps), where the molecular velocities and rotation rates are rescaled every tenth time step to correspond to 5 the desired initial temperature of 300 K. The proper equilibration is verified in a test run with stationary walls. Over the simulation time (12.5 ps), the temperature increase was < 0.5%. The shock wave is created by impulsively accelerating the left wall (piston) to a velocity of u p = 1, 000 m/s. The molecular positions, velocities, orientations (expressed as quaternions), and rotation rates are saved every 100th time step. 10 ensembles with perturbed initial conditions are simulated and all data is ensemble averaged.
Steady-state data is temporally averaged by mapping the molecular locations onto a shock-fixed coordinate system. The instantaneous location of the shock wave is obtained by a least-squares fit of a Mott-Smith profile 16 to the density field across the domain. While the density profile is not perfectly described by this functional, this approach does provide a reliable method to locate the shock wave accurately. Temporal averaging is only performed while the shock wave is at least 50 Å from either end wall to rule out end wall effects. 69 data sets meet this criterion. Data is analyzed in slices of δx = 1 Å thickness such that each slice contains between approximately 300, 000 and 620, 000 molecules.
The temperature is proportional to the variance of the molecular velocities. For rigid linear molecules, the overall temperature is T = (T x + T y + T z + 2T rot )/5. A further assumption of MD, which is not related to relativistic or quantum effects, is that only pair-interactions are considered. This means that the force exerted of particle A on particle B is not affected by the presence of a third particle C elsewhere. In other words, the force on a particle is the linear superposition of the forces exerted from all remaining particles. A phenomenon, that is neglected by this assumption, is that of induced dipole moments.
B. Implied assumptions
C. Frame of reference
We consider the shock in a shock-fixed frame of reference. Flow is from left to right, i.e., the cold side corresponds to x → −∞ and the hot side is at x → +∞ Note thatf θ andf φ are coupled by the constraint 0 ≤ π/2 − φ ≤ θ, which is due to the fact that the molecular axis and the angular momentum vector are always perpendicular to each other.
III. Results
The resulting shock wave (u s = 1, 976 m/s, calculated as the slope of a linear regression to the instantaneous shock locations) traverses the domain until it is reflected off the stationary wall on the opposite side. Table 1 downstream the shock wave, respectively. Also plotted is the density gradient, which is normalized by the shock thickness Λ. Its relevance will be discussed in Sec. V. Table 1 also contains some perfect gas results for comparison. The influence of the high pressure is most significant for the density jump across the shock when compared with a shock wave in a perfect gas of the same Mach number.
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This reduced density increase is a direct result of the finite size of the particles.
Because the specific heat changes only little, the temperature ratio is close to that of a perfect gas. Even though the pressure ratio is also not much different from that of a perfect gas, the actual pre-and post-shock pressures deviate significantly from those observed in a perfect gas with the same density and temperature. Also note that (p 2 ρ 1 T 1 )/(p 1 ρ 2 T 2 ) = 1 for a perfect gas. Here, this quantity is 2.5.
The upper horizontal scales in Fig. 1 show the number of collisions and rotations, which an average molecule performs along its trajectory across the shock. The definition of the mean free path (and thus of the mean time between collisions) for general fluids at arbitrary densities is not meaningful. For large densities, collisions are not isolated events, which are short compared to the time between collisions, but several neighboring molecules continuously interact with each other. Furthermore, the collision cross section is a function of the collision kinetic energy. It is also not easy to calculate when the relative locations of the molecules are not random and when the velocity distribution function is not a Maxwell-Boltzmann distribution or is not isotropic. Keeping all these limitations in mind, λ is calculated from λ = 1/( √ 2πσ 2 n), i.e., assuming a dilute gas in equilibrium. The same assumption is made for the mean time between collisions
where n is the number density, k B denotes the Boltzmann constant, T the temperature, and m is the mass of a single molecule. c is the mean molecular speed. The upper scales in Fig. 1 thus only provide reasonable estimates. 
IV. Discussion
Alignment is not to be understood as that the molecules 'freeze' in a certain orientation. The rotational temperature monotonically increases across the shock.
Such an alignment tendency thus requires that the molecules' axis of rotation is being tilted such as to favor large orientation angles. When a molecule is per-pendicular to the shock front, then any rotation will change its orientation angle, because any rotation axis is parallel to the shock plane. For a molecule whose inter-nuclear axis is parallel to the shock front, on the other hand, the orientation angle remains constant when the rotation axis is perpendicular to the shock front.
This explains the observed coupling betweenf θ andf φ .
If there is a preference for molecules to lie within a shock-parallel plane while maintaining a certain rotation rate, then the axis of rotation has to be perpendicular to the shock plane. Note that even when this is not the case, then molecules can have instantaneous orientation angles of 90
• . This ambiguity reduces the magnitude of the observed effect.
When the molecules are restricted in their rotational movement, then the transfer from translational to rotational energy is reduced. Assume that energy can only be transferred into rotational motion within the shock plane. This requires high angle collisions, i.e., collision with relative velocities in the shock-parallel direction. In the case of a shock wave, the highest velocity fluctuations are in the shock-normal direction. The number of rotational degrees of freedom available for energy transfer is thus reduced. This effect would only be observable in dense fluids. In dilute gas simulations 14, 13 and experiments, 18 the rotational temperature rises in step with the density for low Mach numbers (M s ∼ 1.7) and lags the density for increased Mach numbers (M s ∼ 7). It has to be seen if the trend of T rot to lag the density occurs earlier or more pronounced for higher densities.
Next, we want to explore why the observed anisotropy is stronger for the molecular orientations ( Fig. 2(a) ) than for the angular momenta ( Fig. 2(b) ), which appears inconsistent since the latter seems to be a requirement for the former.
Assume that the distribution of the molecular orientations is perturbed from the equilibrium distribution such that the probability density function for θ is
Qualitatively, this agrees with the results in Fig. 2 (2) even agrees quantitatively with the data for ǫ = 0.035.
There is no effective potential for the angular momentum orientations, and all of the molecules have the same potential, since they have the same orientation.
Thus, the distribution of angular momenta for a given θ will correspond to an equilibrium distribution:
The probability density function for the angular momenta, f φ , is then
Care must be taken of the singularity. Fig. 3 shows the results for th corresponding 13 f φ . For comparison, the actual distribution at x = −2 Å is also shown. Two features need to be mentioned:
• The transition from over-to underpopulation (roots off θ andf φ ) occurs at different angles.
• For small angles, the magnitudes are comparable and only for large angles is there a difference in the magnitude.
Both predictions are confirmed by the actual data.
Suppose instead of starting from an assumed f θ , we started with a perturbed f φ and tried to find the resulting f θ . In this case, on would need f (θ|φ). Only now, different molecular orientation compatible for a given angular momentum vector do have different potentials. One can thus not assume that f (θ|φ) has the same form as (3).
V. Mechanism
The concept of pressure is not straight-forward on an atomistic level. [19] [20] [21] [22] [23] We are content with recognizing that the pressure has contributions due to molecular motion (momentum flux; the ideal gas pressure) and due to molecular arrangement (intermolecular forces; dense gas corrections),
Here we assume that deviations from the ideal gas law are only due to dense gas effects. The magnitude of p pot typically increases with increasing density and temperature. Real gas effects due to vibrational excitation and dissociation are not considered. We hypothesize that the alignment effect is based on spatial gradients of p tot . A thought experiment of the opposite case, i.e., where only potential energies contribute to the pressure, shows that an alignment tendency can exist in the absence of the kinetic energies: Consider that the center-of-mass coordinates of all molecules were suddenly frozen in space. The molecules are allowed to slowly rotate into an equilibrium orientation. The molecules would relax into orientations, which minimize the global potential energy. But because the center-of-mass locations are not homogeneous (there exists a density gradient across the shock), the distributions of molecular orientations need not be random.
Next, consider the behavior of a single molecule in a gradient of p pot (Fig. 4) .
We interpret p pot in a mean-field sense. This means that, at a given position in the shock wave, p pot applies to all atoms at this location irrespective of the particular microstate. p pot at a plane is, in fact, essentially calculated by summing all forces between particle pairs, which are on opposite sides of the plane. 20, [23] [24] [25] [26] The typical force on an atom is thus proportional to p pot . Hence, the average force on the atom on the high-pressure side is larger than the average force on the atom on the lowpressure side. In dense fluids, the repulsive forces from the closest neighbors dominate. The direction of the force will on average be against the flow direction,
i.e., in the negative x-direction as shown in Fig. 4 . This is consistent with the fact that the flow velocity decreases across the shock. Pressure data is not available from the molecular dynamics simulation. We use the behavior of the density as a proxy for the behavior of p pot . The temperature also influences p pot , but our choice is motivated by that fact that p pot is intrinsically a dense-gas correction.
Secondly, we note that the temperature also increases monotonically across the shock such that the variation of density and temperature cause changes of p pot in the same direction.
A moment resulting in an alignment towards larger θ exists if F b > F a i.e., when ∂p pot ∂x 0.
Note that an alignment tendency must also exist when the direction of the pressure gradient is reversed. In that case, F a and F b are in average to the right. The density gradient (which is taken as proxy for the gradient of p pot ) is plotted in Fig. 1 .
Note that the density gradient has a maximum at approximately the shock-center position, whereas the the strongest alignment is observed for x = −2 Å in Fig. 2 .
The density gradient can thus not be the only relevant parameter.
VI. Nondimensional Parameter
Next, based on the Sec. V, the relevant nondimensional parameter is derived from scaling considerations and dimensional analysis. The mathematics in this section should be seen in this context; signs and multiplicative constants are neglected.
The magnitude of the force exerted on a molecule from neighboring molecules (∼ p pot ) scales as
n denotes the number density and σ is a characteristic length scale for the molecule. 
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As before, x denotes the coordinate in flow direction, i.e., perpendicular to the plane of the shock wave. The typical torque on the molecule is
The angular momentum of the molecule can be taken as
A homo-nuclear diatomic molecule was assumed when calculating the moment of inertia, I. τ rot is the period of a single molecular rotation.
The torque is the temporal derivative of the angular momentum. The rate at which the angular momentum vector (i.e., axis of rotation) is tilted scales as L/p,
The mean-time between collisions is τ coll and the molecular orientations are randomized during each collision. The molecule thus has the time τ coll available to tilt the angular momentum vector. The tilt angle achieved in this period can thus be estimated as σ
It was argued before that the concept of "collisions" becomes meaningless for dense fluids. Here, we assume that the alignment torque is present in between collisions (implying a dense fluid) and that these are isolated events in time (i.e., dilute fluid behavior). This assumption is self-contradictory, but for a scaling analysis we will bear with it.
The characteristic times of rotation and collision follow from kinetic theory (cf. (1)),
The expression for τ rot assumes a homo-nuclear diatomic molecule. Substituting these expressions into (12), using δ = n −1/3 , and applying the chain rule to the spatial derivative yields
The first term, Π ∇ρ , is the nondimensional density gradient. It is the relative density change over a length corresponding to the size of the molecule. The second term, Π ∇U , is the change of the potential energy over the bond length of the molecule. It is nondimensionalized by the kinetic energy of the molecule. The form of the dependence on the pair interaction potential in (14) is due to the simplistic assumption in (7) . (15) is a generalization in that it only assumes that the gradients of the interaction potential evaluated at a characteristic molecular spacing play a role. temperature, and density gradient. Note that Π peaks at x = −2 Å, i.e., where the alignment tendency is observed to be strongest (Fig. 2) . The region where it deviates from zero closely matches the observed non-random orientation distribution seen in Fig. 2 . This is a (albeit very weak) confirmation for the proposed parameter. Π ∇U is non-zero even in homogeneous fluid regions, where no orientation anisotropy is observed. One could say that Π ∇ρ 0 is a necessary condition for the presence of the anisotropy, and that the magnitude of Π ∇U determines its strength.
The result in (14) & (15) In practice, testing the proposed nondimensional parameter using shock waves will be non-trivial. Assume that one repeats the simulation with an artificially elongated nitrogen molecule. The shock wave in this fluid will likely also have a different density profile and maximum gradient. Hence, several parameters in (14) & (15) 
VII. Conclusions
A novel effect was presented, which is predicted to be observable in shock waves in dense fluids: a slight tendency of the molecular axis to align perpendicular to the direction of the shock wave propagation. As a consequence, the molecular angular momentum vectors tend to align with the shock-normal vector.
While the present data was obtained for nitrogen, such an effect should be present for any non-spherical molecule. An intuitive, qualitative explanation for the effect was discussed and a single relevant scaling parameter was proposed. The effect is not restricted to shock waves, but requires strong gradients of the pressure. These will be difficult to obtain by other means.
A posteriori, it seems obvious that such an alignment effect should exist and one wonders why it has not been observed before. One must note that a number of conditions must be met to observe the phenomenon:
• The molecular model must be non-spherical.
• It is a dense gas effect. Simulations in dilute gases will not produce an alignment.
• Realistic (i.e., smooth) interaction potentials are required. Simulations of hard-sphere molecules will not produce an alignment.
• The effect is weak. Large sample sizes are required to observe it above the statistical fluctuations.
Finally, one has to look for it. Its effect on macroscopic quantities will be minuscule. This supports the appropriateness of employing simpler, spherical potentials for diatomic molecules in most instances. Table   Table 1 : Pre-and post shock conditions of the simulated shock wave in nitrogen. The Mach numbers are based on the given tabulated speeds of sound. The right-most column contains the ratios for a shock of the same Mach number in a thermodynamically and calorically perfect gas (p.g.) for comparison. The pre-and post-shock pressure of a perfect gas at the density and temperature given in the (14) using the local density, temperature, and density gradient. Π is scaled for clarity. Its peak coincides with the location where the alignment tendency is strongest (Fig. 2) . 
